ABSTRACT Based on the online electromagnetic scale suppression dynamic simulation table designed by our team, the magnetic induction intensity in the cavity of single-and multi-layer winding electromagnetic water processor is simulated and analyzed by using numerical simulation. The relationship between the magnetic induction intensity of the inner cavity and the number of turns of the coil, wire diameter, and inner diameter and the effect of the segment on the intensity of the magnetic induction in the inner cavity are analyzed. According to the Bio-Savarts law, the formula for calculating the magnetic induction intensity in the cavity of multi-layer winding electromagnetic water processor is derived. Moreover, the structural parameters of the processor are determined based on the simulation results of the Maxwell equations. According to the simulation results, we make a new multi-layer winding electromagnetic water processor, which will be used on the online electromagnetic scale suppression dynamic simulation table in the future.
I. INTRODUCTION
Heat exchangers are widely used in industrial production as the main carrier for energy and heat exchange. However, the scaling problem of heat exchangers [1] has become one of the most difficult problems that needs to be solved in the manufacturing process. According to physical methods [2] - [4] of scale removal, the frequency conversion electromagnetic scaling suppression method [5] - [7] has attracted considerable attention due to its low cost and eco-friendly properties. With the extensive application of electromagnetic water processors in the industry, many magnetic treatment devices have been designed by different research institutions. The typical electromagnetic water processors mainly include winding, embedded, external, and coaxial types [8] - [10] . The coaxial processing cavity is dominated by an electric field, and the distribution of electromagnetic energy in this cavity is not uniform. By contrast, the winding processing cavity is dominated by a magnetic field, and the distribution of electromagnetic energy in the cavity is more uniform [11] , [12] . The embedded electromagnetic water processor has a non-uniform internal magnetic induction intensity. Its structure is complex, and the practicability is not good [13] . It also requires better insulation. As for the external electromagnetic water processor, the distribution of magnetic induction intensity is relatively uniform when the magnetic pole gap is small. However, when the gap is large, the magnetic induction intensity near the magnetic pole in the processing cavity is higher than that far away from the magnetic pole. This causes the distribution of magnetic induction intensity to become non-uniform and limits the processing capacity [13] of the external electromagnetic water processor. The distribution of the electromagnetic field in the inner cavity of the winding electromagnetic water processor is more uniform. The processor's structure is simple, and its installation is easy. It is more suitable for industrial use; however, its heat dissipation ability is not strong, and the magnetic induction intensity is not high [14] , [15] . Theoretical analysis shows that when the winding coil is much longer than the diameter of the tube, the distribution of the electromagnetic field in the tube is uniform [16] , [17] .
At present, studies on the size and distribution of magnetic induction intensity in the inner cavity of the winding electromagnetic water processor are few. Based on theoretical and simulation analysis, the present study analyzes the influence of turns of the coil, wire diameter, inner diameter, and segments on the magnetic induction intensity of the inner cavity. Moreover, the structural parameters of the winding electromagnetic water processor are also determined. According to the experimental and actual working conditions, the winding electromagnetic water processor is made and applied to the on-line electromagnetic scale suppression dynamic simulation table, and the expected results are obtained.
II. THEORETICAL ANALYSIS OF THE MAGNETIC FIELD IN THE INNER CAVITY OF THE WINDING ELECTROMAGNETIC WATER PROCESSOR
The winding electromagnetic water processor consists of an inner cavity, solenoid coil, and shell (Fig. 1) . The inner cavity of the winding electromagnetic water processor is the inner cavity of the solenoid coil. Cooling water flows into the housing from the inlet to cool the coil and then flows out from the outlet. The magnetic field generated by the multi-layer solenoid coil is mainly concentrated in the inner cavity. The aqueous solution flows into the device from one end to the other and flows out from the other end after magnetic treatment. 
A. CALCULATION OF MAGNETIC INDUCTION INTENSITY IN SINGLE-LAYER SOLENOID CAVITY
According to Biot-Savart's law, the magnetic induction intensity on the axis of the current-carrying circle coil [18] is as follows:
where µ 0 = 4π × 10 7 is the permeability of vacuum, T · m · A −1 ; I is the current of the current-carrying circle coil, A; R is the radius of the current-carrying circle coil, m; and x is the distance from the field point p to the center of the circle, m.
A long straight single-layer solenoid is considered to be tightly arranged in a straight line by some current-carrying circular coils (Fig. 2) . The magnetic induction intensity of any field point p on the center axis is the vector superposition of the magnetic induction intensity generated at the field point p of each current-carrying circle coil.
Suppose that O is the origin of coordinate, the radius of the single-layer solenoid is R, the leftmost coordinate of the solenoid is (x 1 , 0), the rightmost coordinate of the solenoid is (x 2 , 0), and the unit length dx contains the n-turn coil. The magnetic induction intensity dB of the origin O is obtained using formula (1) .
Integral of formula (2)
Formula (3) is used for calculating the magnetic induction intensity of the central point of the axis of a single-layer solenoid, which can be obtained from Fig. 2 as follows: Insert formulas (4), (5) , and (6) into formula (3):
Integral of formula (8)
The magnetic induction intensity of any field point p on the central axis of a single-layer solenoid can be obtained using formula (9) . For an infinite-length single-layer solenoid, the length of the solenoid is far greater than the radius. Therefore, β 1 = π and β 2 = 0, insert them into formula (9) .
From formula (10), the magnetic induction intensity on the axis is independent of the coordinates of the field point p for infinite-length single-layer solenoids. Moreover, the magnetic field of the axis of the infinite-length single-layer solenoid is uniformly distributed. VOLUME 7, 2019
B. CALCULATION OF MAGNETIC INDUCTION INTENSITY IN MULTI-LAYER SOLENOID CAVITY
The single-layer solenoid cannot produce higher magnetic induction, though we usually use the multi-layer solenoid in the industry. Fig. 3 shows the multi-layer solenoid structure. Consider the multi-layer solenoids as tightly superimposed by some single-layer solenoids (Fig. 3 ). Suppose that O is the origin of coordinate. According to the geometrical relationship, we can know that:
where r is the radius of the k-layer coil, m, and l is the total length of the multi-layer solenoid,m. By substituting formulas (11) and (12) into formula (9), the magnetic induction intensity B s produced by the k-layer coil at point O can be obtained.
Suppose that the length of the solenoid l is constant and r i and r o are the inner and outer radius of the multi-layer solenoid, respectively. The magnetic induction intensity of the center of the axis of the multi-layer solenoid is as follows:
where n 2 is the number of layers of the multi-layer solenoid in a unit thickness dr. The multi-layer solenoid is made of the same wire diameter; therefore, n = n 2 . For the infinite-length multi-layer solenoid, the length of the solenoid is much larger than the radius.
where R is the wire diameter, m, and N is the number of layers. From formula (16) , when the length of the multi-layer solenoid is far greater than the radius and the current and wire diameter are constant, the magnetic induction intensity on the axis of the multi-layer solenoid is proportional to the number of layers of the multi-layer solenoid, and the distribution is uniform.
III. SIMULATION ANALYSIS OF THE MAGNETIC FIELD IN THE INNER CAVITY OF THE WINDING ELECTROMAGNETIC WATER PROCESSOR
To better describe the distribution of magnetic induction intensity in the whole solenoid cavity and determine the influence of turn numbers, wire diameter, and inner diameter on the magnetic induction intensity of the inner cavity, the magnetic induction intensity of the single-and multi-layer solenoid cavity is simulated and analyzed. The numerical simulation analysis is based on the Maxwell equations [19] , [20] . Maxwell explored the relationship between electric and magnetic fields. The alternating electric field produces a magnetic field, whereas the variable magnetic field produces an electric field. On this basis, a group of partial differential equations are summarized to express the general law of electromagnetic phenomena, called Maxwell equations.
To solve all the problems related to electromagnetics, the Maxwell equations need to be solved in the form of differential equations above. By solving the differential equations, the functions of each electromagnetic parameter in the system can be obtained, the distribution of the electromagnetic field can be further understood, and the specific function of the system can be judged. Fig. 4 shows the simulation and finite element models of the magnetic processor. Inside the cavity is the supersaturated solution of 10 mmol/L calcium carbonate. The coil is made of copper wire, and its vacuum permeability and conductivity are 4π × 10 −7 H /m and 5.998 × 10 −7 S/m, respectively. The coils are cooled outside by aqueous solution at 10 • C. The outermost part of the coil is the air domain. induction is large. When the number of coil turns increases gradually, the magnetic field distribution in the solenoid cavity becomes better than that in the solenoid, especially at 15 turns. However, the intensity of magnetic induction in the solenoid cavity does not change obviously. That is, the change of coil turns does not affect the intensity of magnetic induction in the solenoid cavity. Because the single-layer solenoid cannot produce high magnetic induction intensity, most of the winding electromagnetic water processors use multi-layer structure. Figs. 6 and 7 show that when the number of coil turns is greater than 50, the magnetic induction intensity on the axis of the solenoid cavity is constant and uniformly distributed, be it a single-or multi-layer solenoid. When the number of solenoid coil turns continues to increase, the intensity of magnetic induction on the axis of the inner cavity will not change, and the magnetic field will be uniformly distributed. When the length of the solenoid reaches a certain value, the length of the solenoid can be considered to be much larger than the radius, which is approximately regarded as the infinitelength solenoid. As for the finite-length solenoid, when the length-to-radius ratio of the solenoid is greater than or equal to 10, the solenoid can be approximately regarded as the infinite solenoid [21] . As seen from the Fig.5 to Fig. 7 , the single-and multi-layer solenoids can satisfy the above law, so the subsequent simulation only needs to analyze the single-layer solenoid.
As shown in Table 1 , the variation of the simulated magnetic induction intensity at the center of the axis of the inner cavity of a 30-turn solenoid with 3 mm inner diameter and 1 mm wire diameter is consistent with formula (16). The intensity of magnetic induction on the axis of the solenoid inner cavity is proportional to the number of solenoid coil turns. By using formula (14) to calculate the central magnetic induction intensity of solenoid axis, a certain error exists between the simulation value and the calculated value. This phenomenon is because the calculated value is calculated according to formula (14) under ideal conditions, and the coil of the simulation model has a very small interval between turns and between layers, which cannot be regarded as an ideal model. The simulation value is lower than the calculated value. Because the actual model cannot reach the ideal condition but is better than the simulation model, the value of the magnetic induction intensity of the actual model is between the simulation value and the theoretical calculation value. cavity varies with the wire diameter. The smaller the coil wire diameter, the greater the magnetic induction intensity in the solenoid inner cavity. However, in practical applications, the smaller the wire diameter of the coil, the smaller the current resistance. Moreover, the equipment can be easily burned and damaged. Therefore, the actual current value should be less than the current resistance value. In addition, we should choose the winding wire with the smallest possible diameter to improve the magnetic induction intensity of the solenoid inner cavity. Fig. 9 shows that when other conditions are the same, the value and distribution of the magnetic induction intensity are different when the inner diameter of the solenoid is changed. The larger the inner diameter of the solenoid, the smaller the magnetic induction intensity on the axis and the more non-uniform the distribution. This phenomenon is because when the inner diameter of the solenoid is increased, the inner space increases, and the innermost coil is farther away from the inner cavity axis. The magnetic induction intensity decreases, and the distribution of the magnetic induction intensity is non-uniform. Therefore, a pipe with a small inner diameter is used to make the magnetic induction intensity and distribution of the cavity more uniform in combination with practical application.
B. ANALYSIS OF MAGNETIC INDUCTION INTENSITY IN THE SEGMENTAL SOLENOID CAVITY
In practical applications, the number of solenoid layers is often increased to make the inner cavity of the solenoid coil achieve higher magnetic induction intensity. However, with the increase in the number of solenoid layers, the heat from the inner layer of the coil is difficult to emit. Over time, the inner coil is easily burned out because of the high temperature, resulting in equipment damage. To solve the heat dissipation problem of coils, the multi-layer solenoid with the same number of turns can be divided into multiple sections and separated by baffles, thus increasing the heat dissipation surface and ensuring that the number of turns remains unchanged. Fig. 10 shows that when the solenoid coil is divided into two or three sections, the magnetic induction intensity on the axis of the solenoid cavity does not change obviously, and the distribution is more uniform. When the solenoid coil is divided into four sections, the magnetic induction intensity on the axis of the solenoid cavity is reduced by less than 1 Gs, which is negligible. The multi-layer solenoid coil will not affect the size and distribution of magnetic induction intensity in the solenoid cavity, and it can effectively increase the cooling surface of the coil and prolong the service life of the equipment.
C. MULTI-LAYER ELECTROMAGNETIC WATER PROCESSOR
The simulation results show that when the number of coils is more than 50 turns, the magnetic induction intensity of the inner cavity of the coil does not change with the number of turns. When the length-to-radius ratio of the solenoid is greater than or equal to 10, the solenoid can be regarded as an infinite solenoid. The finer the wire diameter, the greater the magnetic induction intensity in the coil cavity. However, according to the American wire gauge (AWG) wire gauge ammeter, the maximum currents of the enameled wires with 0.724 and 0.643 mm outer diameters are 1.9 and 1.46 A, respectively. When the coil is divided into two sections, the best effect is achieved. If the section number is increased, the magnetic induction intensity of the inner cavity of the coil will decrease slightly, but it is not obvious. The pipe used in the experiment table is the six-minute PVC tube with an outer radius of 12.5 mm. The maximum current of the coil is approximately 1.8 A. Combined with the simulation results, the enameled wire with a 0.7 mm outer diameter is selected to produce the multi-layer segmented winding electromagnetic water processor, which is shown in Fig. 11 . The processor is applied to the on-line electromagnetic scale suppression dynamic simulation experiment table shown in Fig. 12 . The multi-layer winding electromagnetic water processor is 136 mm long and 54.4 mm thick. It is divided into two sections and cooled with water.
By changing the solenoid coil current, the magnetic induction intensity of the inner cavity of the solenoid coil is measured using a gauss meter. The simulation value is compared with the theoretical calculation value, and the results are shown in Table 2 . As seen from the table, the calculation error is small when the input current is small. When the current is greater than 0.6 A, the calculation error is between 7% and 8%. 
IV. CONCLUSIONS
The calculation formula of magnetic induction intensity in the multi-layer solenoid cavity is derived according to Biot-Savart's law. Compared with the actual measurement value, the calculation error is 7.84%. Based on Maxwell equations, the magnetic field distribution in the cavity of a winding electromagnetic water processor is analyzed using numerical simulation. When the number of coils is greater than 50, the number of coils will continue to increase. Moreover, the magnetic induction intensity of the inner cavity of the winding electromagnetic water processor will not change, and the distribution will be more uniform. Increasing the diameter of the tube will affect the size and distribution of the magnetic induction intensity in the inner cavity of the winding electromagnetic water processor. The larger the diameter of the tube, the smaller the magnetic induction intensity of the inner cavity and the more non-uniform the distribution. In addition, the smaller the wire diameter, the greater the magnetic induction intensity of the inner cavity of the winding electromagnetic water processor. The magnetic induction intensity distribution of the solenoid cavity is independent of the number of layers. However, increasing the number of layers will increase the magnetic induction intensity of the solenoid cavity. After the solenoid is segmented, the heat dissipation surface can be increased effectively, and the size and distribution of the magnetic induction intensity in the inner cavity of the solenoid will not be affected. Based on the theoretical analysis and simulation results, the structural parameters of the multi-layer winding electromagnetic water processor are determined, and the developed electromagnetic water processor is applied to the on-line electromagnetic scale suppression dynamic simulation experiment 
